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ABSTRACT
We report on an analysis of high-precision, multi-colour photometric observations of the rapidly-oscillating Ap (roAp) star αCir.
These observations were obtained with the BRITE-Constellation, which is a coordinated mission of five nanosatellites that collects
continuous millimagnitude-precision photometry of dozens of bright stars for up to 180 days at a time in two colours (≈ Johnson B
and R). BRITE stands for BRight Target Explorer. The object αCir is the brightest roAp star and an ideal target for such investi-
gations, facilitating the determination of oscillation frequencies with high resolution. This star is bright enough for complementary
interferometry and time-resolved spectroscopy. Four BRITE satellites observed αCir for 146 d or 33 rotational cycles. Phasing the
photometry according to the 4.4790 d rotational period reveals qualitatively different light variations in the two photometric bands.
The phased red-band photometry is in good agreement with previously-published WIRE data, showing a light curve symmetric about
phase 0.5 with a strong contribution from the first harmonic. The phased blue-lband data, in contrast, show an essentially sinusoidal
variation. We model both light curves with Bayesian Photometric Imaging, which suggests the presence of two large-scale, photo-
metrically bright (relative to the surrounding photosphere) spots. We also examine the high-frequency pulsation spectrum as encoded
in the BRITE photometry. Our analysis establishes the stability of the main pulsation frequency over the last ≈ 20 years, confirms the
presence of frequency f7, which was not detected (or the mode not excited) prior to 2006, and excludes quadrupolar modes for the
main pulsation frequency.
Key words. Asteroseismology – Stars: chemical peculiar, oscillation, rotation, spots, fundamental parameters – Stars individual:
αCir (HR 5463, HD 128898)
1. Introduction
αCir (HD 128898, HR 5463) is a binary system whose primary
component is an A7VpSrCrEu star (V = 3.19) with a K5V com-
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panion (V = 8.47) separated by 16′′ (Wayman 1962). (The com-
panion is faint enough and distant enough from the primary to
be ignored in the following study.) The primary component of
αCir was discovered as the fifth known rapidly oscillating Ap
(roAp) star in 1981 by Kurtz & Cropper (1981), followed by a
frequency analysis of 47 hours of high-speed, ground-based pho-
tometry (Kurtz, Allen & Cropper 1981). These authors pointed
to a variation in the amplitude of the principal pulsation, which is
suspected to be due to rotational modulation. Pulsation of αCir
was confirmed by Schneider & Weiss (1983) and soon after,
Weiss & Schneider (1984) presented the first time-resolved si-
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multaneous multi-colour photometry of αCir in the Walraven
system. The goal was pulsation mode identification (attempted
also by Kurtz & Balona (1984)) based on frequency multiplets
and amplitude changes.
The first simultaneous time-resolved photometry and spec-
troscopy of αCir were obtained at ESO by Schneider & Weiss
(1989). This yielded only marginal evidence for radial veloc-
ity variations for two Ca I lines and the authors remarked on the
very uncertain value on the rotation period for this star (rang-
ing in the literature from one to 12 days). Five years later, Kurtz
et al. (1994) provided a robust value of the rotation period (P
' 4.46 d). Another 15 years elapsed before the first light curve
sampling the full rotation cycle of αCir was published based on
WIRE space photometry (Bruntt et al. 2009).
The quantity and quality of data, and the sophistication of
models, has improved dramatically over the subsequent years
(e.g. Kurtz et al. (1994); Audard et al. (1998); Balona & Laney
(2003); Kochukhov et al. (2007); and many references therein).
The most complete and recent summary of our knowledge about
the pulsation of αCir is presented by Bruntt et al. (2008, 2009)
and of the complex atmospheric structure and spectral signatures
of pulsation by Ryabchikova et al. (2007) and Kochukhov et
al. (2009).
αCir was included in proposals submitted in 2009 and 2010
by several authors of this paper, responding to an Announce-
ment of Opportunity for targets to be observed by BRITE-
Constellation. Proposal #05 (WW) focused on roAp stars, #19
(DH) on 50 bright stars with the most accurately known Hip-
parcos parallaxes, and #25 (TL) on the rotation of chemically
peculiar stars (in particular, possible changes in rotation period).
2. BRITE-Constellation photometry
The BRITE-Constellation is a coordinated mission of five
nanosatellites located in low Earth orbits, each hosting an op-
tical telescope of 3 cm aperture feeding an uncooled CCD, and
observing selected targets in a 24◦ field of view (Weiss et al.
2014). Each nanosat is equipped with a single filter; three have
a red filter (∼ 620 nm) and two have a blue filter (central wave-
length (∼ 420 nm). The satellites have overlapping coverage of
the target fields to provide two-colour, time-resolved photome-
try.
The detector is a KAI-11002M CCD with 11 million 9×9 µm
pixels, a 14-bit A/D converter, gain of about 3.3 e−/ADU, and a
dark current of 1e−/s at +20◦C. The saturation limit of the pixels
at this temperature is ∼ 13 000 ADU, and the response is linear
up to about 8 000 ADU. The pixel size is 27.3′′, projected at the
sky.
The five nanosats are designated BRITE-Austria (BAb),
UniBRITE (UBr), BRITE-Lem (BLb), BRITE-Hewelius (BHr),
and BRITE-Toronto (BTr), where the last letter indicates the fil-
ter on board the satellite ("b" = blue, "r" = red). A sixth nanosat,
BRITE-Montréal (BMb), did not detach from its launch vehicle.
The nanosats Bb and UBr were launched first, followed by BLb,
BTr, and BHr.
2.1. αCir photometry
αCir was one of the targets in the Centaurus field, the sec-
ond long-term pointing of BRITE-Constellation after the Orion
field. The early data were obtained during science commission-
ing of the mission, which meant interruptions in science data
collection for engineering tests. Even so, significant gaps in the
time series were infrequent, caused mainly by accidental space-
craft mode changes from fine-to-coarse pointing (or tumbling)
with recovery times shorter than 48 hours. New nanosats joined
the Constellation during the αCir run. As a consequence of this
dynamic, instructional operational environment, the αCir data
set is naturally somewhat complicated.
The data cover 25 March – 8 August 2014: 146 days, corre-
sponding to nearly 33 stellar rotational cycles (see the next Sec. 3
for details).
αCir was observed in the blue by BAb for 131 days and BLb
for 26 days; in the red by UBr for 145 days, and BTr for six
days. The light curves consist of nearly 44 000 blue exposures
and 69 000 red exposures, each of duration 1 s in both colours.
The sampling time was 21.3 s, which is set by the amount of
processing time needed between consecutive exposures and the
maximum amount of data that could be stored on board owing
to limited download capacity at the time.
αCir was observed during individual BRITE orbits for 5 to
30 min, depending on target visibility, the Earth Exclusion Angle
(angular distance between the illuminated limb of the Earth and
the star-tracker field of view), the required warm-up period for
the star trackers after reacquisition of the target, and passages of
the satellites through the South Atlantic Anomaly (when higher
fluxes of cosmic rays prevent useful signal from the star track-
ers). There were also brief interruptions of science data collec-
tion when data were being transmitted to ground stations.
The daily data transfer rate to ground stations in Europe was
less than planned because of heavy interference with unidentified
transmitters on the ground, which is particularly serious during
the Centaurus field observations. For example, data transfer from
BAb to the station in Graz, Austria, was limited to a maximum
of 15 min per orbit.
2.2. Reduction: BRITE standard pipeline
During the commissioning of BRITE-Constellation, the partic-
ular challenges of on-orbit photometry were assessed. To de-
velop an efficient pipeline for fast and optimum extraction of
the photometry, a Photometry Tiger Team (PHOTT) was estab-
lished, consisting of three groups working independently and
pursuing different processing and reduction strategies.
Issues investigated included: CCD radiation defects (warm
columns, hot and cold pixels), CCD temperature variations,
charge-transfer inefficiencies, pixel-to-pixel sensitivity varia-
tions and intra-pixel inhomogenities, pointing errors, complex
point spread functions (PSF) varying over the 24◦ field of view
and during long observing runs, identification of defective im-
ages (e.g. incomplete PSF in a sub-raster). Competing reduction
methods employed PSF fitting and aperture photometry as well
as various threshold criteria for elimination of bad data points
(outliers), various fit-quality parameters, median vs. mean, etc.
The methods will be described in detail by Popowicz et al. (in
prep.).
This investigation of αCir is based on the reduction pipeline
developed by PHOTT member Adam Popowicz via aperture
photometry. Figure 1 illustrates the impact of two optimisation
parameters on the light-curve quality. The parameters are the
threshold employed for bad-pixel identification in the mean dark
frame (Tbad) and the aperture radius. To assess the light-curve
quality, we computed the median absolute deviations (MAD) of
results obtained for individual satellite orbits, as a robust mea-
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Fig. 1. Optimising pipeline parameters for UBr data: bad pixel elimina-
tion (Tbad) and aperture radius.
sure of scatter in the presence of outliers. The final quality mea-
sure (QM) is the median of MADs defined as follows:
QM = median
{
MADi√
Ni
}
, (1)
where MADi and Ni denote the median absolute deviation and
the number of measurements in the i-th orbit with a total number
of orbits NO.
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Fig. 2. Pipeline light curves of αCir for the four BRITEs. Note offsets
for BTr and BLb and the larger scatter for the blue data.
Optimisation is the most time-consuming stage of this
pipeline, so only four values for Tbad (50, 100, 150, and 200
ADU) and eight values for the aperture (ranging from 3 to 10
pixels) were adopted. This seems sufficient to optimise param-
eters for the αCir data (see minima in optimisation curves pre-
sented in Fig. 1). The final pipeline light curves from the four
BRITEs that observed αCir are shown in Fig. 2.
2.3. Additional reductions
Figure 2 reveals that the pipeline reduction does not produce a
truly clean light curve in this case, and that some outliers and
instrumental effects have survived the pipeline. The pipeline
data were fine-tuned in three steps: (i) removal of outliers,
(ii) decorrelations, and (iii) removal of the BRITE satellite or-
bits that returned the poorest quality of photometry. (More de-
tails on fine-tuning BRITE pipeline-reduced data can be found
in the BRITE Data Analysis Cookbook at http://brite.craq-
astro.ca/doku.php?id=cookbook.)
Fig. 3. Correlations between residual magnitudes and four instrumental
parameters of BAb. The continuous line follows the Akima interpola-
tion of bin averages.
First, outliers were eliminated based on a Generalized Ex-
treme Studentized Deviate (GESD) test (Rosner 1983) applied
to data obtained during a single orbit of each satellite. The num-
ber of identified outliers depends on a single parameter α, in-
creasing with larger α.
While removing more outliers results in smaller scatter, it
also results in fewer data points. Consequently, the signal de-
tection threshold in a periodogram, which depends both on the
number of data points and their scatter, can have a minimum as a
function of α. We adopted optimum values of α = 0.8 for BAb
and UBr data, 0.5 for BLb, and 0.3 for BTr data, accepting a
small increase in noise level. The strongest intrinsic stellar vari-
ations (the rotation frequency frot, 2 frot and the main pulsation
frequency near 6.5 min, f1) were filtered from the data prior to
the outlier removal.
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Fig. 4. Standard deviations for individual orbits: BAb (open circles),
UBr (dots), BLb (x), BTr (+)
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Fig. 5. αCir light curves after removal of the worst orbits and outliers
and decorrelation. BTr and BLb data are offset for better visibility.
In the next step, we decorrelated the data with temperature,
followed by a decorrelation with the position of the stellar cen-
tres in both coordinates and orbital phase, as is illustrated in
Fig. 3 for BAb data. After each decorrelation, the outlier removal
was repeated with the previously used α parameter.
The next step towards the final light curve was rejection of
the worst orbits, based on a single threshold for a given BRITE.
Although it may not be obvious in Fig. 2, there are few orbits that
returned photometry of poor quality. This is better seen in Fig. 4,
which shows the standard deviations in mmag for individual or-
bits. Based on this, the chosen thresholds are: 26 mmag for BAb,
25 mmag for BLb, 17 mmag for UBr, and 8 mmag for BTr.
Comparing Fig. 5 with Fig. 2 illustrates the improvements
achieved by fine-tuning the original pipeline data. The system-
atic decrease of BAb magnitudes (for example, early in the ob-
serving run and seen in Fig. 2) disappeared because it was caused
by CCD temperature variations (Fig. 3, upper left). After fine-
tuning, a total of 61 988 red and 34 592 blue data remain.
3. Rotation of αCir
The first indirect evidence of the rotation period of αCir was re-
ported by Kurtz et al. (1994) who deduced a rotation period
of about 4.46 days from the amplitude modulation of the star’s
main pulsation mode. This initial estimate was refined to 4.4790
days (Kurtz, op.cit) through photometry collected over the fol-
lowing 12 years from various observing campaigns. αCir was
observed by the WIRE satellite star tracker for a total of 84 days
during September 2000 – July 2006, supported by ground-based
Johnson B photometry from SAAO. These data led to the first
rotation light curve of αCir (Bruntt et al. 2009).
BRITE-Constellation takes the analysis of αCir to a new
stage compared to WIRE by providing space-based photometry
in two colours. The photometry is plotted in phase with the ro-
tation period in Fig. 6. The noise level for the blue data is larger,
mostly due to problems with the BAb star tracker and as a re-
sult of the spectral type, which produces a smaller count rate
for the blue BRITEs compared to the red BRITEs. The rotation
light curves are obviously different in the two colours. While one
maximum at approximately phase φ = 0.8 appears in both filters,
the second maximum in red at about φ = 0.2 is not present in
blue (see Fig. 6). This difference is significant, likely indicating
very peculiar spot properties and posing a challenge to interpret
physically.
For comparison, we digitised Fig. 2 of Bruntt et al. (2009)
and, in our Fig. 7, plotted their 100 WIRE data points from July
2006 along with our BRITE red data (similar in bandpass to the
Fig. 6. Rotation of αCir observed by the red-sensitive (top) and blue-
sensitive (bottom) BRITEs, respectively, with Prot = 4.4790d. Phase-bin
averages with 1-σ errors are given together with the theoretical light
curve obtained for the respective spot model (see Sec. 4). Phases 0 to 1
also show the binned original BRITE data with an overall r.m.s. noise
of 9 mmag for the red and of 15 mmag for the blue light curve.
WIRE data). We conclude that the rotational modulation pattern
has been stable between 2006 and 2013/14. When comparing the
scatter, one should keep in mind that (1) BRITE-Constellation
data are based on 1 s integrations sampled every 21 s, while
WIRE data were obtained twice per second, co-added in 15 s
bins; and (2) the collecting area of the WIRE star-tracker tele-
scope is three times larger than the BRITE telescope.
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Fig. 7. Rotation of αCir. Green circles: WIRE - 2006 July data (Fig. 2
of Bruntt et al. (2009)). Dots: UBr and BTr data (red filter) with a
phase binning of 0.01 (small red dots) and of 0.05 (large black dots).
The BRITE data were scaled to fit the amplitude range of WIRE and
shifted in phase to be compatible with the different reference time in
HJD for WIRE and BRITE.
4. Bayesian photometric imaging (BPI)
Ap stars, such as αCir, are well known to exhibit surface abun-
dance nonuniformities (abundance spots) produced as a conse-
quence of chemical diffusion in the presence of their strong mag-
netic fields. As described by, for example Krticˇka et al. (2009),
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photometric variability of these stars is believed to result from
flux redistribution principally because of variable line blanketing
modulated by stellar rotation. αCir exhibits obvious photomet-
ric variability on the rotational timescale that we interpret to be
indicative of such spots.
4.1. Likelihood estimate
The Bayesian photometric imaging (BPI) technique to construct
a spot model based on a light curve well sampled in time is de-
scribed in detail by Lüftinger et al. (2010a). Below we only
comment on the construction of the likelihood function, vital for
any parameter estimation.
To save computation time, the fine-tuned data were com-
bined into bins with a maximum width of 36 min. This bin width
corresponds to roughly one-third of the orbital period of one
BRITE satellite. The time difference between adjacent points
within a bin does not exceed 15 min. With these chosen bin con-
straints, no bin contains fewer than ten data points. Each of the
1368 red and 1200 blue bins was assigned a weight according to
the number of contributing data points within a bin and used for
the BPI procedure described below.
We assume the residuals, deviations between observation
and model, are Gaussian-distributed, i.e. measurement errors
augmented by systematic (model) errors. To enhance robustness,
the variance of the residuals was assumed to be unknown and re-
garded as a mere nuisance parameter. The Gaussian likelihood
function was integrated by applying Jeffreys’ prior (Jeffreys
1961). In our case, the improper (not normalisable) prior varies
with the reciprocal of the variance. We took into account that the
binned data points have different weights. This error-integrated
likelihood was then integrated analytically over all possible mag-
nitude offsets.
The resulting likelihood is a function of the data alone, given
a set of parameter values. It is a comforting feature of this type
of data analysis that the error variance and any magnitude off-
set, although they remain undetermined, can be ignored, which
reduces the number of free parameters and enhances robustness.
To reduce the number of free parameters as much as pos-
sible, we took the star’s inclination to be i = 36◦. This value
results from the measured projected rotational velocity, v · sin(i),
the assumed value of the stellar radius (Bruntt et al. 2008), and
the rotational period of 4.4790 days (Kurtz et al. 1994). As the
limb-darkening coefficient is unknown, it was regarded as a nui-
sance parameter for the present study. For the high-quality WIRE
data, however, in a follow-up study it might also be possible to
extract the marginal distribution of the coefficient for linear limb
darkening.
The outcome of a Bayesian parameter estimation is the pos-
terior probability distribution in an high-dimensional parame-
ter space. Direct numerical brute-force integration often requires
prohibitively large computing resources, so we used the Markov
chain Monte Carlo method (MCMC; cf. Press et al. (2007)).
The likelihood mountain in the six-dimensional space is ex-
plored by up to 64 Markov chains. In a relaxed state, each param-
eter’s marginal distribution is revealed by counting how often an
element in parameter space is frequented by the chains.
A marginal distribution describes a parameter’s probability
distribution irrespective of the values of all the other parameters,
i.e. disregarding correlations between parameters. These distri-
butions are reflected in Tables 1 and 2 by presenting the corre-
sponding credibility intervals. It is an advantage of the Bayesian
approach that parameter averages, such as expectation or median
as well as credibility intervals, are deduced from the measured
data alone.
4.2. Surface spot models
We restrict our discussion to two-spot models since the infor-
mation content of the presently available BRITE data does not
enable us to consider more than two spots. The WIRE data do
contain more information, which we plan to explore in a future
study. The main picture, however, very probably will remain the
same.
In our model, two types of circular spots are allowed: dark
spots with a brightness of 60% of the brightness of the undis-
turbed photosphere and bright spots with a brightness of 125%.
The latter values are similar to what has been reported for the
spots of HD 50773 by Lüftinger et al. (2010a), based, as is
already mentioned, on an independent analysis of space-based
photometry and ground-based Doppler imaging.
The reason for a fixed common spot brightness is the un-
avoidable degeneracy between spot area and spot brightness,
which prevents the MCMC method to converge to a relaxed so-
lution of the posterior probability density distribution. The data
simply do not constrain both parameters independently. Hence,
we had no choice but to prescribe the spot brightness parameter,
but these are based on examples in the literature. As a test, we re-
peated the modelling with a κ arbitrarily set to 1.5 and expected
the inferred spot size to be reduced by about 50%. Indeed, we
found a factor of 1.84, which corresponds to a spot size reduced
to 0.54 of the original size. Interestingly, this spot size reduction
with increased kappa only holds for the spot that is fully visi-
ble. The large spot at the south pole, which basically is visible
most of the time, but never entirely, is only reduced by 4% and its
centre moves 6 degrees towards the pole. It is hardly necessary to
stress that it would make even less sense (from the data analysing
point of view) to consider spots with individual surface bright-
nesses. The model spot parameters must be therefore considered
with reservation and taken rather as an order-of-magnitude esti-
mate.
The following parameters were estimated for each circular
spot: the central longitude (λ), latitude (β), and angular radius
(γ). The longitude increases in the direction of stellar rotation,
and the zero point is the central meridian facing the observer at
the beginning of the time series (HJD = 2456742.188).
Table 1 and 2 summarise what we can say about the locations
and sizes of spots on the surface of αCirbased on a Bayesian
analysis of the red and blue BRITE light curves and the WIRE
light curve. The importance parameter, justifying the attribute
“first" and “second" to a spot, indicates the impact on the light
curve. Listed are expectation values and 90% credibility inter-
vals (not to be confused with ±1σ limits).
A comparison of the tables shows that dark and bright spots
individually fit the BRITE-Constellation and WIRE data equally
well, i.e. we find similar credibility limits. The model light
curves (full lines in Fig. 6) look very much the same and give
the same residuals to the observations, regardless of whether the
spots are dark or bright. However, important differences come to
light in a detailed examination.
The surface mapping for two dark circular spots with the red
BRITE and WIRE data requires a separation of 180◦ in longitude
with spots on opposite sides of the star. Two dark spots, which
fit the blue BRITE data, however, are separated by nearly 90◦ in
longitude and do not agree with the red map. This suggests that
bright spots are a more realistic fit to the entire data set than dark
spots.
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Table 1. Parameters for circular spots for the BRITE-red, WIRE, and
BRITE-blue solutions, assuming two dark spots. We list expectation
values and 90% credibility limits for the central longitude (λ), latitude
(β), and radius (γ). Radii and their uncertainties are modelled for a spot
intensity of 60% of the unperturbed photosphere.
Parameter BRITE-red WIRE BRITE-blue
first spot
λ 74◦.3 +2.4−2.4 89
◦.4 +0.8−0.7 209
◦ +24
−29
β −72◦.7 +5.5−5.2 −2◦.8 +3.4−3.7 36◦ +41−33
γ 58◦.2 +6.2−6.3 8
◦.0 +0.4−0.3 6
◦ +2
−2
second spot
λ 248◦.5 +6.2−6.2 263
◦.4 +1.3−1.3 118
◦ +12
−14
β 6◦.0 +44.8−30.8 −18◦.7 +2.9−3.1 −24◦ +25−35
γ 6◦.0 +1.8−2.2 8
◦.3 +0.7−0.7 16
◦ +15
−11
residuals ± 2.1 ± 0.14 ± 4.8
Table 2. The same as Table 1, but assuming bright spots. No two-spot
solution was obtained for the BRITE-blue data. Radii and their uncer-
tainties are modelled for a spot intensity of 125% of the unperturbed
photosphere.
Parameter BRITE-red WIRE BRITE-blue
first spot
λ 326◦.5 +7.8−7.4 356
◦.9 +0.9−0.8 356
◦ +8
−8
β 31◦.7 +25.1−21.9 25
◦.9 +4.3−4.4 34
◦ +27
−23
γ 9◦.6 +2.0−2.0 13
◦.7 +1.4−1.4 8
◦ +1
−1
second spot
λ 172◦.2 +7.3−7.6 186
◦.1 +2.0−2.0
β −73◦.8 +5.2−5.3 −82◦.8 +1.4−1.5 no solution
γ 64◦.2 +7.3−7.2 85
◦.2 +4.4−3.6
residuals ± 2.1 ± 0.13 ± 4.9
We only find a spot model that agrees with WIRE and both
BRITE data sets in the case of bright spots. However, only one
bright spot could be detected in the BRITE blue data, which is
not surprising, considering the differences in the red and blue
BRITE light curves (see Fig. 6). A schematic of what we believe
is the most realistic surface model for αCir (see Table 2) is pro-
vided in Fig. 8. The spot close to the stellar south pole is credibly
present in the WIRE and BRITE-red data, but not in the BRITE-
blue data, which have the lowest precision.
An inhomogeneous surface distribution of elements, like Si,
Cr, and Fe, are known to cause variations in the light curves of
many Ap stars detectable as bright spots in visual photometry
(e.g. Lüftinger et al. 2010a,b; Krticˇka et al. 2009, 2012, 2015;
Shulyak et al. 2010). This is a strong argument to favour bright
spot solutions over dark spot solutions, if no other information is
available. The size of abundance spots is independent of wave-
length, which is what we find for the bright spot model within
twice the credibility limits.
Bayesian techniques provide an infinite number of feasible
two-spot solutions, but these differ in credibility. A main prob-
lem in our case is the skewness of the marginal distribution for
the parameters, in particular, for the BRITE data, as is evident
from the asymmetric 90% credibility intervals, which is also
Fig. 8. Maps of bright spots based on BRITE blue, BRITE red, and
WIRE according to the parameters given in Table 2. Two rotation phases
shown (top and bottom) differ by 180◦. The Bayesian technique cannot
identify a spot at the stellar south pole with sufficient probability for the
BRITE-blue data, probably because of a lower photometric accuracy.
listed in both tables. The focus of our investigation is on the ex-
pectation values of the parameters’ marginal distributions. Such
a spot model is, in a certain sense, the most representative, but
because of the posterior’s skewness, this model may differ from
the globally most probable model (the ‘best-fit model’).
4.3. Significance of BSI models
In the previous Section we tried to model the observed light
curves obtained in different colours with circular areas at the stel-
lar surface (spots), which manifest themselves to the observer as
periodically varying disk averages obtained at various rotation
phases. Stellar surface structures can be very complicated be-
cause they depend on temperature, gravity, dynamics in the at-
mosphere, element abundances, and magnetic field, all of these
as a functions of optical depth. In addition, insufficient knowl-
edge of atomic and molecular transition properties and energy
level splittings in the presence of a magnetic field can have se-
rious effects on how such surface areas are interpreted by ob-
servers.
The transformation of a one-dimensional function, the light
curve, into a two-dimensional surface map obviously requires
simplifying assumptions. An adjustable model constrained by
disk-averaged flux measurements, obtained with three broad-
band filters at a discrete set of rotation phases, cannot represent
the complex physics and chemistry of a stellar atmosphere, but
can indicate locations of inhomogeneities. Unfortunately, in the
present investigation we only have a limited amount of informa-
tion available for αCir to map the complex surface. Photometric
surface models cannot recover information about properties such
as abundances and temperature, but they can indicate areas with
inhomogeneities at the stellar surface. In addition from consis-
tency arguments, they can indicate a preference for flux excess
or depression with no reference to an underlying physics. There-
fore, a realistic starting point is a model, which is as simple as
possible and is tested against the observations, which in our case
is light curves.
The Bayesian approach offers two attractive features: (a) the
quantitative comparison of models differing in the number of
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spots and (b) the derivation of credibility intervals for the model
parameters from the posterior probability distribution. Our two-
spot model is sufficient to reproduce the photometry with the
best probability distribution possible so far. Adding more fea-
tures may suggest a better visual representation of the light
curve, but considering the noise level of the data, increased com-
plexity reduces the over-all credibility of the model. Indeed, we
have investigated more complex models (e.g. three spots, dif-
ferent limb darkening coefficients, and spots of different bright-
ness), but had to accept that all these additional model features
did not increase the credibility. Moreover, with too many free
parameters involved, the method does not work because the
Markov chains do not converge to a well-constrained posterior
probability density distribution. The only remedy are additional
observations that access new parameter space, such as high spec-
tral and time-resolved spectroscopy and/or spectropolarimetry.
The limited amount of presently available data, their quality and
physical information content simply do not allow for a more so-
phisticated spot modelling, for example for disentangling κ and
size of spots.
Nevertheless, our present model serves as a reasonable start-
ing point for more sophisticated modelling of the surface struc-
ture, for example based on future analysis of spectroscopic
and/or spectropolarimetric data. This expectation is supported
by the results of Lüftinger et al. (2010a) for HD 50773, where
essentially the same surface pattern was determined indepen-
dently from Bayesian spot modelling of space-based photome-
try (CoRoT) and from Doppler imaging modelling of spectropo-
larimetric data. Even more significantly, Alentjev & Mkrtichian
(2010) report surface abundance maps of Cr II in their prelim-
inary Doppler imaging analysis, which support our model (=
course map of inhomogeneities) derived from photometry.
5. Pulsation frequencies, amplitudes, and phases
The pulsation spectrum of αCir shows a dominant mode with a
period of ∼ 6.5 min ( f1), which is rotationally split into a triplet
by rotation (Kurtz et al. 1994). Four additional low-amplitude
frequencies ( f2 to f5), attributed to roAp oscillations, were re-
ported by Kurtz et al. (1994). Using WIRE data, Bruntt et al.
(2009) confirmed two of these low-amplitude modes ( f4 and f5),
while f2 and f3 remained undetected.
Bruntt et al. (2009) also reported detection of two new fre-
quencies ( f6 and f7) that are symmetrical to f1, which had not
been seen in previous ground-based campaigns nor in the WIRE
2000 and 2005 data.
5.1. Frequencies
We first removed the contribution of rotational variability and
instrumental effects (1d−1, 2d−1, orbital frequency and its har-
monics) from the light curves with a multi-sine fit provided by
Period04 (Lenz & Breger 2005). Next, we calculated amplitude
spectra and estimated the statistical significance of frequencies
via SigSpec (Reegen 2007, 2011), which has previously been
extensively applied to space-based photometry from MOST, in-
cluding roAp stars (Gruberbauer et al. 2008; Huber et al. 2008).
Figure 9 shows the amplitude spectra of the red and blue BRITE
data centred on the frequency range where oscillations had al-
ready been observed in αCir. The dominant mode near ∼ 6.5 min
(∼ 2442 µHz) is clearly detected in both data sets. As expected,
the amplitude is significantly higher in the blue than in the red
filter.
The top panels of Fig. 10 show a close-up of f1 demonstrat-
ing that the rotationally split side lobes remain undetected in
the BRITE data. This is not due to the removal of the rotational
variability from the light curve, since the multiplet is caused by
rotational amplitude modulation of f1 as a consequence of the
oblique pulsator model (Kurtz & Shibahashi 1986). The ap-
parent contradiction of an f1 amplitude changing with rotation
period and the lack of rotation side lobes seen in the frequency
spectrum of our data is due to very small amplitudes. Kurtz et
al. (1994) estimated these side-lobe amplitudes to be about one-
tenths of the main amplitude (= 0.55 mmag for f1 and our red
BRITEs ) and give a justification for this value within the frame-
work of the oblique pulsator model.
The middle and bottom panels of Fig. 10 show the amplitude
spectra after pre-whitening the data by the dominant mode f1
and we detect f7 in the BRITE-red data, while in both data sets
f6 remains below the detection threshold (S/N ratio of ∼ 4). This
ratio corresponds to a significance limit of 10−5.46, or to a 99.9%
detection probability of a true signal (Kuschnig et al. 1997). The
amplitude ratios are A( f1)/A( f7) = 3.468(±0.007) for WIRE and
2.51(±0.10) for BRITE red. Bruntt et al. (2009) speculate that
f6 and f7 first appeared between 2005 and 2006 and interpreted
them as consecutive overtones of a new pulsation mode. Unfor-
tunately, the noise level of the blue BRITE data does not enable
a detection of f7, which would be helpful in discussing the pulsa-
tion mode. It has to be proven by follow-up observations that in-
deed a mode that is different in parity than f1 has been excited. A
new mode of the same parity would have produced a frequency
separation that is twice as large (see discussion in Bruntt et al.
(2009)).
Using the frequencies identified with SigSpec, we applied
Period04 (Lenz & Breger 2005) to calculate least-squares fits
for frequency, amplitude, and phase to each light curve. For f1
we fixed the frequency to the best-fit values from the blue data,
which has higher significance than the red data. Uncertainties on
all values were calculated with Monte Carlo simulations, which
are implemented in Period04. The final values, uncertainties, and
significances are listed in Table 3.
5.2. Amplitudes and phases
The pulsation amplitude ratio for f1 measured from BRITE ob-
servations is AB/AR = 3.15 ± 0.33, compared to AB/AWIRE =
2.32± 0.11 by Bruntt et al. (2009) and AB/AV = 2.28± 0.26 by
Kurtz & Balona (1984). Formally, all values agree within 2σ,
and the BRITE amplitude ratio seems to confirm the conclusion
by Bruntt et al. (2009) that the WIRE bandpass is likely close to
the V band.
The mentioned pulsation amplitude ratio is consistent with
the relation among photometric amplitudes in different photo-
metric bands known from previous ground-based observations,
i.e. amplitude decreases with increasing wavelength (e.g. Weiss
& Schneider 1984; Kurtz & Medupe 1996).
Considering the amplitude ratios for f1 between BRITE and
WIRE, the expected amplitudes for f4 to f6 found by WIRE would
be 0.04 to 0.12 mmag in the red filter and 0.12 to 0.40 mmag in
the blue filter. Given a typical noise of ∼ 0.06 mmag for red
BRITE and ∼ 0.13 mmag for blue BRITE data, we conclude
that our non-detections are consistent with the WIRE results by
Bruntt et al. (2009). However, the amplitude ratio for f1 may
not necessarily apply for f4 and f5, which must have a different
spherical degree than f1, f6 and f7, if the large frequency sepa-
ration claimed by Bruntt et al. (op.cit.) is correct.
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Fig. 9. Amplitude spectrum of the red (left panels) and blue (right panels) BRITE light curves after removing rotational variability and instrumental
effects. The top panels show amplitude spectra of the data, while the bottom panels show amplitude spectra after pre-whitening of the dominant
pulsation mode near ∼ 2442 µHz. The sidelobes seen in the top panel correspond to the orbital frequency of the satellites. Vertical dotted lines in
each panel are published WIRE frequencies by Bruntt et al. (2009), while the red horizontal lines show a spectral significance corresponding to
a false-alarm probability of 10−5.46 (or S/N∼ 4).
Kurtz & Balona (1984) and Bruntt et al. (2009) noticed a
slight phase shift of φV−φB = −7.4±5.1◦ and φWIRE−φB = 5.8±
1.3◦. Using the pulsation phases calculated from the unbinned
blue and red BRITE light curves (calculated at a fixed frequency
f1), the BRITE observations yield a phase shift of φR − φB =
10.6 ± 5.9◦, which is consistent with previous results.
6. Discussion
– Rotation: Our BRITE red data (similar to a Johnson R band-
pass) confirm the rotation period of 4.4790 days and the light
curve characteristics of αCir determined by WIRE (similar to
Johnson V), showing two maxima at about φ = 0.2 and 0.8 in
our Fig. 6. This agreement is contrasted by our BRITE blue data
(similar to Johnson B), which show only one maximum at about
φ = 0.7.
This profound difference in the shape of light curves ob-
tained in different filters has not been seen before and would
normally cast doubts on the reliability of our blue data. How-
ever, strong support is provided by:
i) RV measurements which are consistent with a rotation phase
plot having only one maximum (Mkrtichian & Hatzes, private
communication);
ii) magnetic field measurements, which also indicate a single-
wave variation of the magnetic field (Kochukhov, private com-
munication).
It is a known property of CP (Ap) star rotation light curves
that amplitudes depend on the photometric filter used (e.g.
HD 30849: Hensberge et al. (1982)). Even maxima and min-
ima can switch (e.g. HD 53116, op.cit.) when switching colours
(more examples in Schöneich, Hildebrand & Fürtig (1976)), but
the disappearance of only one extremum and not also the other is
unique. Other references to changes of the shape of light curves
with wavelength are, e.g. Musielok et al. (1980); Kurtz & Mar-
tinez (2000); Mikulasek & Ziznovsky (2001); Mikulasek et al.
(2004).
Abundance anomalies on the surfaces of magnetic CP stars,
which imprint their signatures on the light curves and spectral
line profiles, produce changing redistributions of stellar flux (pri-
marily from short to longer wavelengths). This effect, which is
still not well understood, might lead to considerably different
shapes of αCir light curves in the blue and red bands observed
by BRITE-Constellation.
– Spots: Current knowledge about flux redistribution results in
dark spots in short-wavelength regimes, but bright spots in the
optical, if the spots are due to concentrations of elements like
Si, Cr, or Fe (Krticˇka et al. 2012). Lüftinger et al. (2010b),
Shulyak et al. (2010), and Krticˇka et al. (2015) find that varia-
tions of HD 37776 and θAurigae in the u, v, b, and y Strömgren
bands are caused by spots dominated by Si, Cr, and/or Fe, and
those of HD 37776 are dominated by He. The elements Fe and Cr
Article number, page 8 of 10
Weiss, Fröhlich, Pigulski et al.: roAp star αCir
Red
2438 2440 2442 2444 2446
0.0
0.1
0.2
0.3
0.4
0.5
0.6
Am
pl
itu
de
 (m
ma
g) Sig=5.46
WIRE
Blue
2438 2440 2442 2444 2446
0.0
0.5
1.0
1.5
2.0
2410 2411 2412 2413
0.00
0.05
0.10
0.15
0.20
0.25
Am
pl
itu
de
 (m
ma
g)
2410 2411 2412 2413
0.0
0.1
0.2
0.3
0.4
0.5
0.6
2471 2472 2473 2474
Frequency (µHz)
0.00
0.05
0.10
0.15
0.20
0.25
Am
pl
itu
de
 (m
ma
g)
2471 2472 2473 2474
Frequency (µHz)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
Fig. 10. Same as Figure 9 but for a close up of the rotational multiplet
around f1 (top panels) as well as f6 (middle panels) and f7 (bottom
panels). Grey and black lines show the spectrum before and after pre-
whitening of f1, respectively.
Table 3. αCir pulsation frequencies extracted from BRITE data
Data Frequency Amplitude Phase Sig
(µHz) (mmag) (0-1)
Frequency f1
red BRITE [ 2442.0574 ] 0.545(47) 0.191(14) 33.2
blue BRITE 2442.0574(31) 1.72(10) 0.165(09) 63.1
WIRE 2442.0566(2) 0.652(5)
Frequency f7
red BRITE 2472.2401(88) 0.249(43) 0.057(32) 6.8
blue BRITE – – – –
WIRE 2472.2272(5) 0.188(5)
Notes: For the red BRITE data (≈Johnson R), we fixed f1 to the best-fit
value [in parentheses] from the blue BRITE data (≈Johnson B) since
the pulsation amplitude is larger in blue and has higher significance,
despite the larger noise level in blue. The last column lists the spec-
tral significance derived with SigSpec. Uncertainties are calculated via
Monte Carlo simulations implemented in Period04. The reference for
WIRE (≈Johnson V) is Table 3 of Bruntt et al. (2009).
are primarily responsible for the variability of  UMa (Shulyak
et al. 2010).
Considering the evidence provided by our red and blue
BRITE light curves, it is not surprising that the derived spot
models are unusual. We speculate that the second spot has a very
different chemical composition than the first spot, which results
in an equilibrium of redistributed and absorbed flux for the blue
filter.
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Fig. 11. Dependence of amplitude and phase of frequency f1 on the ro-
tation phase of αCir, observed by blue (crosses) and red (dots) BRITEs.
Alentjev & Mkrtichian (2010) derived very preliminary
spectroscopic surface maps for αCir with spots dominated by
Si and Cr, and detected abundance variations of up to 2.4 dex,
which support our model solution assuming bright spots.
– Pulsation: The dominant frequency near 6.5 min (2442 µHz)
is clearly detected in both BRITE data sets. With a SigSpec sig-
nificance of 6.8 (S/N > 4), we find also f7 in the frequency spec-
trum of the red BRITE data (Fig. 10, bottom). However, f7 does
not appear in our blue data, even if we lower the threshold to a
false-alarm probability of 0.1% (S/N∼3). According to the am-
plitude scaling with wavelengths, however, f7 should appear in
our blue data, if it is related to the pulsation mode of f1. We
emphasise that f7 has only been detected since 2006.
The pulsation amplitude of f1 decreases from the blue to
red wavelengths (see our Table 3), a trend that is well known
for roAp stars. Since the amplitude decline rate (from Johnson
B to R filters) is much steeper for pulsating late A-type stars
than that of main-sequence B-type variables, Medupe & Kurtz
(1998) explained the case of αCir with an outwards decreasing
temperature amplitude within a narrow range (∼ 200 km) of the
atmosphere.
The observed phase shift between the blue and red BRITE
data of 10◦ ± 6◦ is consistent with previous determinations. This
small phase difference between red and blue light curves is in
sharp contrast to considerable phase variations in the radial ve-
locity oscillations of roAp stars, obtained from various spec-
tral lines and at various depths of the Hα line (Baldry et al
1998, 1999; Ryabchikova et al. 2007). Such spectroscopic stud-
ies have shown that the pulsation properties vary significantly
with atmospheric depth due to chemical stratification, leading to
phase shifts between different elements.
Pulsation energy, generated below the photosphere, flows
outwards into the atmosphere with changing phases. This phase
variation is faster in the outer parts of the atmosphere because
some of the energy leaks at the outer boundary, where the non-
adiabatic damping effects are stronger. On the other hand, the
phase variation is slow at the base of the atmosphere because
non-adiabatic effects are weak. Hence, RV variations deduced
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from rare earth elements and Hα bisectors represent pulsation in
the outer part of the atmosphere. There, non-adiabatic damping
is strong, while the photometric variations primarily represent
temperature effects due to pulsation near the bottom of the pho-
tosphere (optical depth τ ≈ 1), where non-adiabatic effects are
expected to be weak.
All the evidence points to high-order p-mode pulsation in
αCir. We refer to Fig. 6 of Bruntt et al. (2009) where the au-
thors discuss amplitude changes for various axisymmetric pul-
sation modes depending on the rotation phase of αCir. Our
Fig. 11 compares amplitude and phase changes of f1 observed
in the red and blue by BRITE nanosats, averaged over 25%
of a full rotation cycle, respectively; our figure also addresses
Fig. 10 of Kurtz et al. (1994). Our conclusion is that within the
quoted errors, quadrupolar modes can be excluded for f1, and
` = 1,m = 0 being supported.
Investigations of long-term changes of rotation and pulsation
properties are obvious next research goals. Right now the time
base of high quality data is too short, but observers are encour-
aged to monitor αCir, as BRITE-Constellation will as well.
– Final note: High-resolution spectroscopy with high S/N, cov-
ering a full rotation cycle, is the obvious strategy to test our
two bright-spot model and its dependence on wavelengths. Spec-
troscopy will also be critical to investigate chemical and physi-
cal spot characteristics as a function of optical depths and spec-
troscopy with high time resolution will be required to determine
the stellar structure anomalies.
In other words, having information both on the temperature
and RV variations in the atmosphere with good estimates of fun-
damental parameters (e.g. Bruntt et al. (2008)), αCir is one
of the best roAp stars to constrain the model of pulsation in the
presence of a strong magnetic field and to look deep into a star.
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